The transportation of water across a cell membrane facilitated by water channel proteins is fundamental to the normal water metabolism in all forms of life. It is understood that the narrow region in a water channel is responsible for gating or selectivity. However, the influence of the position of the narrow region on water transportation is still not thoroughly understood. By choosing a single-walled carbon nanotube (SWNT) as a simplified model and using molecular dynamics simulation, we have found that the water flux through the nanotube would change significantly if the narrow location moves away from the middle region along the tube. Simulation results show that the flux reaches the maximum when the deformation occurs in the middle part of nanotube and decreases as the deformation location moves toward the ends of the nanotube. However, the decrease of water flux is not monotonic and the flux gets the minimum near the ends. These interesting phenomena can be explained in terms of water-water interactions and water-SWNT interactions. It can be concluded that the regulation of water transportation through nanopores depends sensitively on the location of the narrow region, and these findings are helpful in devising high flux nanochannels and nanofiltration as well.
I. INTRODUCTION
Protein channels, consisting of a pore of minimum radius ∼0.3 nm that spans a lipid bilayer membrane, attract considerable attention due to their varieties of physiological functions in cells [1] [2] [3] . It is well known that diverse physiological functions depend on their unique structure and chemical component. Interestingly, in the middle of the channel there is a narrow region responsible for gating or selectivity [1] . A biological system is a perfect system exhibiting harmonization and unification between structure and function. The mechanism of these perfect structures of protein channels is not clear. Recently, a number of experimental and theoretical studies aimed at understanding the mechanisms of water permeation through protein channels at an atomic level were conducted [4] [5] [6] [7] [8] [9] . The x-ray crystal structure provides a static picture of a membrane protein channel and provides insight on the working mechanism. Based on the crystal structure, many groups tried to study the dynamical behavior using molecular dynamics (MD) simulation [10, 11] . However, how the shape and dimension of the channels regulate the transport of water molecules is not completely understood because of the complicated structure and protein-membrane interactions.
In the past decade, several simplified models of various biological channels have been proposed to explore the influence of geometry, surface character, and flexibility on the ions and water permeation through biological pores, and have gained some useful general consensus on the results [3, [12] [13] [14] . A carbon nanotube with an appropriate radius is one of the most prominent model systems to consider the perfect structure and some key characteristic of water inside nanotube shared * zjlhjun@zjnu.cn † mmyliu@polyu.edu.hk with biological channels, such as the single-file arrangement, wavelike density distribution, and wet-dry transition resulting from confinement [15, 16] .
Since the first synthesis of the carbon nanotube by Iijima [17] , the carbon nanotube has been extensively studied due to its unique mechanical and electronic properties and its atomic smooth inner surface [18] [19] [20] [21] . In 2001, Hummer et al. showed that a carbon nanotube with a diameter of 8.1Å could be filled with water despite its strongly hydrophobic character [14] . A minute's change in the nanotube-water interactions could dramatically affect the water occupancy of the channel, inducing two state transitions between empty and filled states [22] . Using a MD simulation, Sansom et al. quantified the kinetics of oscillations between a liquid-filled and a vaporfilled pore with radii ranging from 0.35 to 1.0 nm and found that the transition between the empty and filled state depended sensitively on the radius, geometrical structure of the nanotube, and the external charge [3] . In addition, their simulation results indicated that the self-diffusion of water molecules confined in the one-dimensional tube was increased by a factor 2-3 compared with bulk water. The water flow exhibits no friction and is limited primarily by the barriers at the entry and exit of the carbon nanotube [23] . For a carbon nanotube with a radius of 1-2 nm, the water flow rate was more than three orders of magnitude faster than the nonslip, hydrodynamic flow, as calculated from Hagen-Poiseuille equation [24] . Recent simulation results indicated that the unusual enhanced flow rates over Hagen-Poiseuille flow arise from a velocity jump in a depletion region at the water-nanotube interface [25] . So, studying water permeation across the carbon nanotube is of great importance not only for understanding the working mechanism of biological channels but also for the design of molecular sensors, devices, and machines.
In order to study the gating mechanism of biological channels, a single-walled carbon nanotube (SWNT) was used as a prototype to study the response of the narrow region under continuous deformations by mechanical stress [15] . With simulations, Wan et al. found that the nanopore was an excellent nanoscale on-off gate [15] . The flux remained almost fixed within a deformation of 2.0Å but decreased dramatically for a further deformation of 0.6Å. The gating of the water permeation across this carbon nanotube was considered to be correlated with the wavelike pattern of water density distribution. Furthermore, by comparing the behavior of water molecules in the 13.4-Å-long tube with that in the 14.6-Å-long tube, we discuss the origin of the wavelike pattern of water density distribution inside the channel and the dependence of the gating effect on the length [26] . A theoretical model has been provided to describe the water density distributions and its change with respect to the deformation of the channel. We found that the wavelike patterns of the water density distributions mainly resulted from the potential barriers at both ends of the nanochannel, together with the tight hydrogenbonding chain inside the tube.
Some groups [27] [28] [29] assigned charges to the atoms of SWNTs or imposed external charge near the atoms of SWNT to mimic a biological channel and found that a similar dipole orientation of water molecules as in aquaporin (AQP) could be generated. Interestingly, our previous work indicated that when a single external charge (of value +1.0e) is in the middle region of the SWNT, the nanotube is filled with a single-file water chain. Sharp transitions between empty (closed) and filled (open) states occur once the charge moves away from the middle region [28] .
We have known that both the geometrical deformation and the charge position in the middle region of a nanochannel can effectively regulate water permeation, but it is not clear yet what would happen if the gating region moves toward the end of the channel.
In this paper, we choose a 14.8-Å-long SWNT as a model system to investigate what would happen when the narrow region is moved away from the middle region by changing the deformation position along the wall. The detailed simulation methods are introduced in Sec. II. In Sec. III, we present the simulation results and discussion. With simulation, we have found that water permeation across the SWNT depends sensitively on the location of the narrow region. The flux reaches a maximum when the deformation is located just in the middle of nanotube. In addition, the effects of the position of the narrow region on the number of the hydrogen bonds and the flipping frequency of the single-file water chain are studied in Sec. III. Furthermore, we explain the mechanism behind these phenomena in terms of the interaction between the water molecules and carbon atoms on hexagonal network of the SWNT. Finally, conclusions are presented in Sec. IV.
II. SIMULATION METHODS
An uncapped (6, 6) SWNT which is embedded along the z direction in two graphite sheets was designed to mimic the dimensions of a biological pore [ Fig. 1(a) ]. The nanotube is folded by a graphite sheet to a cylinder (156 atoms, 14.8Å long, and 8.1Å in diameter). In order to explore the effect of the position of the narrow region on water permeation, one carbon atom (the forced atom) is pushed away from The SWNT, together with two graphite sheets, are solvated in a water box, where the TIP3P water model [30] is applied. Water molecules between the two sheets are cleared. The total number of water molecules is 950. The average number of water molecules inside the channel is only ∼5.5, much lower than outside the channel. Following the method of Zhu et al. [31] , we applied an additional acceleration of 0.01 nm ps
to each water molecule along the +z direction to establish a pressure difference of ∼15.7 MPa between the two ends of the nanotube.
MD simulations were performed at a constant particle number, temperature (300 K), and volume (box sizes of L x = 3.0 nm, L y = 3.0 nm, L z = 5.0 nm) with GROMACS 4.0.7 [32] . Berendsen algorithms were applied to simulate at constant temperature (time constant 0.5 ps). A time step of 2 fs was adopted and data were collected every 1 ps. In these simulations, the chosen Lennard-Jones parameters for carbon atoms were ε C-C = 0.3612 kJ mol −1 and σ C-C = 0.34 nm. Furthermore, the carbon-water interactions were σ CO = 0.32753 nm and ε CO = 0.47945 kJ mol −1 , respectively. Carbon-carbon lengths of 0.14 nm and bond angles of 120
• were maintained by harmonic potentials with spring constants 061913-2 of 392460 kJ mol −1 nm −2 and 527 kJ mol −1 deg −2 before relaxation. The particle-mesh Ewald method [33] was used when computing the long-range electrostatic interactions, and the parameters of the Particle-Mesh Ewald (PME) method included a real space cutoff (1.4 nm), fast Fourier transform (FFT) grid spacing (0.12 nm), fourth-order interpolation, and cutoff distance (1.4 nm). The short-range interactions were computed using a cutoff scheme (cutoff distance, 1.4 nm).
III. RESULTS AND DISCUSSION
Seven sets of simulations (d = −7.4, −4.9, −2.5, 0, 2.5, 4.9, and 7.4Å) were conducted, and each set included eight simulations of 110 ns in duration with different initial states. For each case, the result of the last 105 ns of the simulation was collected for analysis, and the forced atom had a constant deformation depth (radial displacement) of 2.2Å.
The characteristics of net water flux j for different deformation positions are shown in Fig. 2 , where the flux j is defined as the amount of water molecules entering from the left end and leaving at the right end along the +z direction minus the amount of water molecules entering from the right end and leaving at the left end along the −z direction per unit nanosecond. The net water flux is ∼14.8 ns , respectively. The current simulation results agree with the previous work [34] , in which liquid flows more easily along the convergent direction than along the divergent one.
Then a question arises: Why is the location of the narrow portion of the pore so important? To understand thoroughly the mechanism, we first compute the potential of mean force (PMF), which is often used to characterize the mobility of the water molecules inside the nanotube [35] . The single-file water chain confined in the SWNT hops through a series of free-energy barriers in a concerted fashion, therefore the height of the free-energy barriers remarkably influence the water permeation through the SWNT. The water translocation time would increase with increasing the crests and the peak-peak distance [35] . To better understand why the location of the narrow portion plays a key role in water transportation through the nanotube, we calculate the total interaction potential (it is denoted by the symbol P in this paper) of the confined water inside the SWNT. In this work the potential includes two parts: One is the water-water interactions (the interaction energies of the water molecule at position z inside the SWNT with its neighboring water molecules), denoted by P WW , and the other part is the water-SWNT interactions (the interactions of the confined water at position z with the carbon atoms of SWNT), denoted by P WC . The results are shown in Fig. 4 . The potential energy curve of P WC for the unperturbed SWNT has a symmetrical "U-like" shape, and the lowest is located in the middle of the SWNT (the position of z = 0Å) [26] . In line with intuition, when the SWNT is narrowed at d, the potential barrier appears at z = d (the position of the narrowest portion of the SWNT). The profile of the curve of P WC changes from a "U-like" shape into a "W-like" shape [see Fig. 4(a) ]. As the location of the narrow portion moves to the ends of the nanotube, the peak of P WC moves to the ends of the nanotube correspondingly, and the height of the peak increases due to a "U-like" shape of P WC for the unperturbed SWNT.
It is known that water molecules inside the SWNT are usually tightly connected by hydrogen bonds. For |d| 2.5Å, the water-SWNT interaction potential P WC is not enough to break the hydrogen-bonding chain structure inside the SWNT. However, for |d| 4.9Å, the possibility of breaking the hydrogen bond increases dramatically because of a sharp increase in P WC (z = d). Figure 4 (b) shows that P WW for d = −4.9Å reaches maximum at z = −2.1Å, which is ∼2.8Å away from the deformed position of z = d = −4.9Å, indicating that the water molecule at z = −2.1Å usually loses one hydrogen bond. Note that, for d = −4.9Å, the value of P WW (z = −4.9Å) is lower than that of P WW (z = −2.1Å). This is because the possibility of the water molecule being located in z = −2.1Å is larger than in z = −4.9Å, resulting from P WC (z = −4.9Å) > P WC (−2.1Å). Certainly, the average number of the hydrogen bonds of the water molecule at z = −2.1Å is more than that of the water molecule at z = −4.9Å. In other words, when there is a water molecule located nearly in z = −4.9Å, usually there exist water molecules in two sides of it (near z = −2.1Å and z = −7.7Å), rather than vice versa. From Fig. 4(b) , we can find that P WW (z < −4.9Å) is not the same as P WW (z > −4.9Å). The main reason is that the water molecules in the region of z < −4.9Å are closer to the bulk water than those in the region of z > −4.9Å. The same mechanism (water molecules near z = −7.9Å are closer to the bulk water than those near z = −4.9Å) makes that the height of the peak of P WW for d = −7.4Å is lower than that for d = −4.9Å.
The total interaction potential P (z) can be calculated by P (z) = P WC (z) + P WW (z). Figure 4 (c) shows the variation of the total interaction potential along the tube. For the cases of d = −7.4, −4.9, 4.9, and 7.4Å, the distributions P (z) seem to be lifted up. The wavelike pattern for d = 0Å is lifted less than the others, which results in the largest net flux. Moreover, the maximum total interaction potentials exist in the systems of d = −4.9 and 4.9Å. Correspondingly, the net water flux in these two systems is small. Therefore, we find that the net water flux is mainly controlled by the water-water interaction and water-carbon interaction. The different position of the narrow region results in a change of the total interaction potential. P , the difference between the maximum and minimum of the interaction potential, is usually used to characterize the potential profile. It was calculated and plotted as black filled circles in the inset of locates in the middle of the SWNT), P is ∼7.7 kJ mol −1 , only half of the P for d = −4.9 or 4.9Å. Consequently, the flux for d = 0Å is the maximum. Figure 5 shows the relationship between the water flux and P for all different positions of the narrow portion shown in Fig. 5 . The water flux decreases almost linearly with increasing P , and the data can be well fitted by the following formula:
with ε ≈ 18.1 kJ mol −1 and j 0 = 21.7 ns −1 , indicating a strong dependence of flux on P . It should be noted that P in this paper is different from P WS in Ref. [16] . In our study, P includes not only the water-SWNT interaction but also the water-water interaction. P is the difference between the maximum and minimum of the total interaction potential. According to the above fitted formula, the net water flux would be decreased to zero when P = ε ≈ 18.1 kJ mol −1 . To check the validity of the prediction, we set a system of depth = 2.3Å and d = −4.9Å, and then the simulation result shows that the net water flux is still ∼0.6 ns −1 and the matching P is ∼22 kJ mol −1 , implying that the fitted linear law is a good fit only for P < 16 kJ mol −1 . It has been recognized that the tight hydrogen-bonding chain connecting water molecules inside the nanotube plays a key role in the movement of water molecules along the quansi-one-dimensional (6,6) SWNT axis stochastically and concertedly [14] . Figure 6 It can be seen that the hydrogen bonds are affected by changing the deformation position. The probability of N HB < 3 in the system of d = 0Å is obviously smaller than those of other systems except for systems of d = −7.4 and 7.4Å. In other words, the probability of emerging in an empty state in the system of d = 0Å is less than those for other systems. Correspondingly, the probability of N HB > 3 is larger, therefore, the probability of inducing a filled state is higher, and the net water flux is matching higher. In systems of d = −7.4 and 7.4Å, it is interesting to note that there is a larger probability of inducing a filled state than the system of d = 0Å, but the matching net water flux is still lower than that of the system of d = 0Å. This phenomenon can be understood in that the water molecules can easily enter the tube from the undeformed side, but it is difficult for them to pass through the high free-energy region (shown in Fig. 3 )-then the staying time will be obviously longer, and therefore the probability for N HB > 3 is larger in these two systems.
An important feature of the hydrogen bond is its directionality. Hydrogen bonds in the SWNT are highly oriented and nearly aligned along the nanochannel axis, and they collectively flip their orientations due to ambient noise. We quantify the orientation of a water chain by defining a characteristic angle denoted byφ, where φ is the angle between the dipole of a water molecule at position z inside the SWNT and the z axis (nanotube axis), and taking an average over all the water molecules inside the nanotube, where the average covers all the water molecules inside the tube. As described in our previous papers [15, 26] ,φ falls into two ranges, i.e., 15
• <φ < 50
• and 130
• <φ < 165
• . If we define a flip as φ passing through 90
• , we can compute the number of flips per nanosecond, denoted by the flipping frequency f flip . As shown in Fig. 7 , the flipping frequency is ∼0.06 ns −1 for an unperturbed nanotube which is remarkably lower than 0.5 ns
for SWNT immersed in bulk water [14] , and it agrees well with Ref. [16] in which the water molecules were cleared between the sheets and the length of the carbon nanotube was longer. the nanotube more easily from the right, and there is usually an unoccupied site near the narrowed left rim, resulting in shielding from the fluctuation induced by the remaining bulk water. Therefore, it is difficult for the water molecules to be transported through the deformed left rim, consequently the flux decreases drastically and the flipping of the water dipoles is more difficult than those of other cases. There is a similar mechanism for d = 7.4Å.
We note that the maximum of the flipping frequency is 0.51 ns Figure 8 shows two snapshots of the simulation results. We define the region near the forced atom as the deformed region, which usually induces a defect in the water chain. In contrast to the cases for d = ±7.4Å, there often exists a water molecule inside the rim of the nanotube connecting with the bulk water molecules outside. The deformed region induces the breakage of hydrogen bonds inside the nanotube and does not shield the fluctuation from the bulk water effectively because of the water molecule in the rim of the nanotube. Therefore, the flipping frequency becomes large.
For d = ±7.4Å, these two symmetrical systems can also be understood to have the symmetric deformation position, but their directions of the pressure gradient are opposite. So the results show that the direction of the pressure gradient could well affect the water permeation. In this work, the pressure difference is fixed and the direction is always from −z to +z. Comparing to the system of d = −4.9Å, there is a similar probability of an emerging hydrogen-bond defect in right side of the tube in the system of d = 4.9Å. To some extent, the pressure difference prevents the defect from Figure 7 gives the relationship between the flipping frequency and the number of hydrogen bonds. The dipole flip of the ordered water chain inside the SWNT is the process where the hydrogen-bonding defect moves through the tube [38] . The defect in the water chain plays a key role in dipole flipping. The number of hydrogen bonds reflects the probability of defects of the water wire. The average number of hydrogen bonds [N HB for an unperturbed carbon nanotube (14.8Å long)] is ∼3.8 (N HB0 = 3.8). The average number of defects is approximately equal to N HB0 − N HB . As the number of hydrogen bonds is only 2.9, the flipping frequency is 0.51 ns −1 . With increasing the number of hydrogen bonds to 3.6, the flipping frequency decreases to 0.078 ns −1 . The function
can fit the data quite well, where N HB0 ≈ 3.8 and f flip0 = 2.1 ns −1 . This linear relationship indicates that the defects in the water chain lead to an increase in the flipping frequency by breakage of hydrogen bonds inside the nanotube.
IV. CONCLUSIONS
Molecular dynamics simulations are carried out to systematically elaborate the effect of a narrow portion on water permeation through a nanotube. Simulation results indicate that the water flux and dipole flipping frequency of the water chain is significantly influenced by the location of the deformation. Interestingly, when the deformation is located in the middle of the nanotube, the water flux across the nanotube reaches a maximum, suggesting that the hourglass shape is more convenient for water molecules to pass through the nanotube than a funnel shape. Note that the depth of the deformation for all cases is 2.2Å and the decrease of the volume for d = 0Å (deformation locating in the middle part) is larger than those of the other cases.
The effect of the location of the deformation on the water transport can be understood using PMFs along the tube axis and interaction potentials. The water flux and dipole flipping frequencies are regulated mainly by the PMF and interaction potentials near the narrowed region. Obviously, the peak of the water-SWNT interaction potential increases as the narrow location moves away from the middle region along the nanotube. Correspondingly, the water-water interaction potential increases because the hydrogen bond is usually interrupted due to an increase of the water-SWNT interaction potentials. However, when the deformed position is just located in one of the two ends of the SWNT, the water-water interaction potential decreases since the bulk water near the entrances of the SWNT are not affected by the deformation of the nanotube. Therefore, the peak of the total interaction potential increases as the deformation location moves to the ends of the nanotube, but the increase is not monotonic and the peak reaches the highest levels near the ends. The axial position of the deformed region has a significant influence on the interaction potentials, PMF, and the water flux.
We use the difference between the maximum and minimum of the interaction potential P to characterize the potential profile. It is found that the number of the hydrogen bonds decreases as P increases. Correspondingly, the water flux across the nanotube decreases linearly. The dipole flipping frequency increases as the number of the hydrogen bonds decreases. The main reason for the breakage of hydrogen bonds in a water chain inside the nanotube is the water-SWNT interaction potential. The defect induced by the breakage of the hydrogen bond inside the nanotube, together with the fluctuation induced by the bulk water molecules outside the nanotube, are responsible for the dipole flip of the water chain.
The current research may be helpful in designing high flux nanofiltration tools and understanding the effects of the complex shapes and structures of biological channels on water permeation.
